ABSTRACT: Pine bark is a substrate which allows the attachment and de-activation of heavy metal ions, thereby cleansing the host solution. The present work was aimed at studying the removal of binary heavy metal ions from aqueous solutions using pine bark and to explore the possibility of elution as a subsequent stage for releasing and concentrating the metal ions. The application of the method to the cases of Cu(II) and Zn(II) ions is presented. The adsorption of each metal ion separately from binary mixtures onto pine bark was studied. Subsequently, the loaded bark was used to perform elution experiments leading to the concentration of the metal ions and their further retrieval.
INTRODUCTION
Industrial activities have been acknowledged as one of the major sources of pollution for soils, water and the atmosphere (Jordao et al. 2002; von der Heyden and New 2004) . In practice, several pathways for cleaning industrial wastewaters have been suggested; however, most of these have both advantages and disadvantages (Balzano 2002) . The efficiency of an overall wastewater treatment process is dependent on the type of natural sorbent employed, the nature of the metal ion to be bound to it, the initial dissolved metal ion concentration, the pH, the temperature, the pulp density, the cell design (batch, column, etc.) and the contacting time (Krosshavn et al. 1993; Montes et al. 2006) . One of the most popular techniques for wastewater treatment, involving small and medium water flow rates, is the utilisation of natural and synthetic sorbents, such as ion-exchange resins (Jensen et al. 2005; Bailey et al. 1999; Zamzow et al. 1990) . Lignocellulosic materials have also been widely tested for the decontamination of polluted waters (Gaballah and Kilbertus 1998; Sciban and Klasnja 2004; Argun et al. 2005) . Thus, pine bark has been widely recognised as being a good, natural, low-cost, renewable material (Al-Asheh and Duvnjak 1997; Montes et al. 2003) capable of fixing heavy metal ions from aqueous solutions.
This pathway towards the solution of contamination issues is quite attractive since it utilises natural materials for treating polluted industrial waste streams arising from industrial activities (Ciccu et al. 2003) . One example is the mining industry, which is one of the most important activities in the economic development of many countries worldwide. However, frequently the large-scale operations often observed in mineral processing provide a considerable challenge in developing clean technologies. It has been extensively reported that mining activities discard streams containing heavy metal ions (von der Heyden and New 2004; Tkatcheva et al. 2004; Sahu et al. 1994; Teixeira et al. 2001; Liu et al. 2003; Dube et al. 2005) . Although, the removal of such ions from the waste stream may add value to the process, the disposal of the resulting heavy metal ion-charged material also poses problems. Hence, the development of improved metal ion extraction processes is necessary.
The work described herein was aimed at evaluating the efficiency of pine bark in removing Cu(II) and Zn(II) ions from synthetic solutions containing one or both these metal ions present in a binary mixture. Elution tests employing acidic media were subsequently undertaken in an attempt to remove the corresponding ions from the loaded bark obtained from the adsorption experiments, resulting in an increase in the concentration of heavy metal ions in the elution solution. Further technical aspects concerned with the application of this technique to obtain better results in attaining environmental limits than classical saturation/precipitation processes are discussed.
MATERIALS AND METHODS
Washed pine bark with a particle size distribution > 1 mm diameter was employed in the treatment of synthetic wastewaters containing Cu(II) and Zn(II) ions, the average particle diameter being 0.2897 mm (d 50 = 0.3294 mm). The washing stage was carried out in a Soxhlet extractor using distilled water to remove soluble tannins originally bound to the bark. Adsorption studies at several initial ion concentrations ranging from 100 mg/ᐉ up to 300 mg/ᐉ were performed separately for Cu(II) and Zn(II) ions at pH values of 5 and 6, respectively. For such purposes, synthetic aqueous solutions were prepared using CuSO 4 • 5H 2 O and ZnSO 4 • 7H 2 O, with both reagents being of high purity. The adsorption extent was calculated by difference between the metal ion concentration remaining in solution as obtained via atomic adsorption spectrophotometry (AAS) and the initial metal ion concentration present in the aqueous solution. The elution process was carried out using a Buchner filtration apparatus.
Particular attention was focused on the effect of the adsorption capacity during the elution process in both the case of single and mixed adsorption. In all cases, the adsorption was monitored over 3 h at a constant temperature of 21 ºC. The elution process was performed by applying varying percolation operations for different lengths of time.
RESULTS AND DISCUSSION

Preliminary analysis of classical decontamination pathways in acid mine drainage: the scaling-up aspect
Theoretically, the critical pH at which Cu(II) or Zn(II) ions start to precipitate in their hydroxide forms from 100 mg/ᐉ solutions of the respective ions are 5.5 and 7.3. As far as acid mine drainage [pH 2 -3 (Liu et al. 2003; Meunier et al. 2002) ] is concerned, the amount of base to be added per tonne of aqueous solution to be treated at pH 5.5 using pine bark as the adsorbent is theoretically ca. 400 g (the latter figure being computed using NaOH as the neutralising reagent and ignoring any additional further buffer species which may consume even more reagent). The EPA statutory limits for the maximum concentration of Cu(II) and Zn(II) ions in mining effluent discharges are 0.05 and 0.2-0.5 mg/ᐉ, respectively (von der Heyden 2005), while the pH necessary to effect that concentration in solution would be ca. 7.15 and 8.4, respectively. Thus, the total amount of alkali necessary to cause precipitation in each case would be very similar, but it constitutes a cost which is absent when pine bark is employed as the adsorbent. In addition, the situation is even more complicated for Zn(II) ions. In this case, the lowest metal ion concentration that can be attained in solution occurs at high pH [pH 11, where the removal extent only attains a value of 72.3% (Pavlovic et al. 2007 )], leaving a residual concentration of 2.18 mg/ᐉ which is still far removed from the limit established by EPA. If the pH value is higher than 11, the Zn(OH) 2 precipitate is re-dissolved to generate stable complexes such as Zn(OH) [2] [3] [4] . On other hand, adsorption of metal ions onto pine bark allows further solution recycling, while further bark addition enables the minimum concentration levels recommended for any metal ion to be achieved. Table 1 shows the batch adsorption results obtained for Cu(II) ions using a solution pH of 5, employing 3 h contact time at 21 ºC under a constant stirring rate of 300 rpm for different initial metal ion concentrations, C i , and pulp densities, ρ p . The results are presented as percentage values with reference to the initial ion concentration, while the adsorption capacities are given in mg and mmol metal ion adsorbed per g dry bark (g d.b.). Table 2 shows the corresponding results for Zn(II) ions obtained under the same conditions, but at a pH value of 6. Although the pH value at which the behaviour of Zn(II) ions was examined was higher than that employed for Cu(II) ions, the affinity observed between the Cu(II) ion and the adsorbent was higher than that observed for Table 3 lists the results obtained for binary metal ion adsorption from three samples containing both Cu(II) and Zn(II) ions in varying proportions at pH 5.5. However, in order to really understand the effect of the mixture relative to the single adsorption data, it is convenient to express both in terms of adsorption capacities (Table 4) . From simple inspection, it can be deduced that when both metal ions were present in the system, adsorption occurred with no interference between the ions. However, it has already been reported that this is not true in all cases. Thus, Al-Asheh and Duvnjak (1998) Tables 1 and 2 ) -when a 4 mᐉ/g d.b. solid/liquid ratio was employed, it was observed that each metal ion was almost completely recovered after two percolation operations, each of 15 min duration. Thus, after such percolation operations, 92.0% and 71.7%, respectively, of Cu(II) and Zn(II) ions were eluted. Irrespective of the nature of the metal ion adsorbed, preliminary results showed that the number of percolation operations employed had a greater influence on the amount of metal ion removed from the bark surface than the contact time between the solution and the sorbent. Figure 2 shows the elution kinetics for Cu(II) and Zn(II) ions from pine bark obtained after they had been separately adsorbed. The resulting solutions were 20-and 9-times more concentrated than the original polluted solution. These results suggest that the Zn(II) ion surface complexes were more stable than the corresponding Cu(II) ion complexes. The results depicted in Figure 2 also confirm the non-interacting adsorption observed when both metal ions were removed simultaneously.
Single metal ion adsorption
Binary metal ion adsorption
To determine the effect of the initial adsorption capacity of the sorbent on the elution process, several samples were prepared using different initial metal ion concentrations within the range 100-300 mg/ᐉ and pulp densities within the range 5-10 g/ᐉ. In each case, the adsorption process was stopped after 3 h. The resulting samples were dried and percolation operations carried out to concentrate the metal ions. For this purpose, a solid/liquid ratio of 6 mᐉ/g d.b. was employed in conjunction with two different percolation methodologies: (i) method A involving six percolation operations each of 5 min duration and (ii) method B involving two percolation operations each of 15 min duration. Tables 5 and 6 show the results of the elution experiments. They list the initial metal ion concentration, the pulp density and the adsorption capacities obtained, the latter being employed 
(1) for the initial sample in the elution experiments. The elution experiments were performed using 5 g of the metal ion-loaded bark in each case.
The results show that adsorbed Cu(II) ions were readily eluted in the presence of nitric acid, with the elution results being similar irrespective of the methodology employed. A similar situation was observed in the case of Zn(II) ions, where differences were only apparent at low initial adsorption capacities. However, in the case of Zn(II) ions, the best results were obtained employing Method A. 
CONCLUSIONS
Copper(II) ions have a larger affinity for pine bark sorbent than Zn(II) ions. No interference between the tested ions was observed during adsorption when both were contacted simultaneously with pine bark.
Elution when carried out with 1 N nitric acid solution proved to be promising as a means of concentrating both ions. However, Cu(II) ions were more readily removed than Zn(II) ions. Tests performed with a pulp density of 6 mg/g d.b. resulted in solutions which were 20-and 9-times more concentrated in Cu(II) ions and Zn(II) ions, respectively.
Implementation of a wastewater treatment using pine bark demonstrated a number of advantages relative to a treatment process based on saturation of the solution. Not only does the method allow the re-deployment of wastes arising from the wood industry and thereby provide a means of decontaminating polluted effluent discharges, but it also provides a way of developing a possible route towards the recovery of valuable metal ions.
